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NATIONAT. ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

PRELIMINARY ATTEMPTS AT ISOTHERMAT, COMPRESSION
OF A SUPERSCNIC AIR STREAM

By E. Perchonok and F. Wilcox

SUMMARY

Guided by analytical predictions, preliminary experiments were un-~
dertaken in en attempt to achleve isothermal (constant static tempera-
ture) compression of a supersonic air stream. Application of the process
to a supersonic inlet diffuser at free-stream Mach numbers of 1.9 and
3.0 did not produce the theoretically predicted total-pressure rise.
Large total-pressure losses due to momentum exchange between the inlet
air stream and the coolant occurred, as expected, but the compensating
rise in pressure theoretlically associated with the availaeble evaporation
cooling was not observed. Tests at & Mach number of 3.0 with a heated
alr stream and multipoint upsiream injection suggest that some gain in
diffuser pressure recovery might be cbtained with a full-scale 1lnlet at
the high stagnation temperature of supersonic flight. *

TRTRODUCTION

It is an established thermodynamic principle that an isothermsl
compression process is more efficlent than the generally employed adia-

‘batic compression process. In practical application of this theoretical

principle to turbojet operation, steady-flow compregsor efficiency was
Improved by means of water or water-alcohol injection during compression
(ref. 1). Theoretical analysis (sppendix A) indicates that a similar
gein in total pressure mey be achleved during diffuslon of a supersonic
stream if, instead of the conventionsl adisbatic (constaent total temper-
ature) compression process, isothermal (constant static temperature)
compression be employed. In addition to improving engine cycle effi-
ciency by raising the inlet total pressure, maintenance of constant
stream static temperature relleves the problem of excessive campressor-—
Inlet temperatures encountered by turbojet engines at supersonic speeds
end increases the gir-flow cgpaclity of an engine of a given size.
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Application of—the principle of isothermsl compression to the dif-
fusion and compression of a supersonlc stream is by no means simple. It
requires the rapid cooling of a supersonic stresm as it is being decel-
erated without the introduction of excessive pressure losses. One method
of achleving this deslred coaling may be by the injection of an effec-
tive liquid coolant into the supersonic stream shead of the alr inlet.

It is recognized (appendix B) that there may be a large pressure loss
caused by injecting a liquid into a supersonic stream. However, if suf-
ficient cooling can be achieved by evaporation of the coolant in the
short time interval avallable, the gain in total pressure due to improved
compresslon efficiency may more then compensaté for the loss in total
pressure caused by coolant injectlon.

A brief analytical study and a series of experiments were under-
teken to evaluaste the problems of cooling a supersonlc alr stream by
liquid inJjection and to estimate the likelihood of approaching an iso-
thermal compression process. Preliminary tests were conducted on injec-
tion technigues and an eveluation made of the evaporation achieved. The
results were gpplied to axislly symmetrical nose inlets, which were
tested at Mach numbers 1 9 and 3.0. Nitrogen and ammonle were employed
as coolants. ' ' - o

The symbols used are defined in sppendix C.

APPARATUS AND PROCEDURE
Injection Tests

Before sttempting to apply the isothermel-compression principle to
a supersochic inlet, some prellminary experiments were undertaken to de-
velop pumpling and handling techniques for the ligquid coolant. An sddi-
tional purpose of these preliminsry tests was to study briefly the in-
Jection of a liquid into a supersonic alr stream, Specific oblectIves
were to evaluate visually the penetration and the evaporation of the
coclant, and to determine the effect of normal-shock proximity on cool-
=snt dispersion.

The tests were conducted in & 4~ by 10-inch Mach number 2.0 wind
tunnel. One wall of the tunnel was of optical-quallty gless through
which 8hotographs could be taken. Total temperature in the test section
was 95° 15° F; total pressure was maintained at spproximately 3300
pounds per square foot sbsolute.

As a safety precaution, the coolant employed in the initial tests
was liquid nitrogen. For practical application of this principle, 1t is
intended that a fuel, such as liquid methane, be utilized. The liquid
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nitrogen was stored et atmospheric pressure in a Dewar flask and was
transferred to a vacuum-jacketed pressure vessel before use. It was
pumped from there to the injector by introducing geseous nitrogen, throt-
tled to provide the desired coolant-flow rate, into the top of the pres-
sure vessel. Flow rate was determined from the change in weight of . the
pressure vessel per unit time, A diagram of the instsllation is shown
in figure 1. '

Two types of injection systems were investigated. One was a flush-
type commercial nozzle producing a fan-shaped spray, having a rated flow
of 0.51 gallon of water per minute at a pressure of 60 pounds per square
inch. The other consisted of a length of 5/16-1nch brass tubing inserted
in the stream, with two number 66 drill orifices opposite each other at
right angles to the air stream.

The nozzle installation is shown in figure 2. The commercial nozzle
was mounted flush with the tunnel wsall, and the simple-orifice injector
was placed salo: the tunnel centerline. A thermocouple probe was located
epproximately 1/2 foot downstream of the injection station.

Teble I lists physical properties of the liquids used in this in-
vestigation and several others thet may elso be consildered for this
application.

Inlet Tests; Mach Number, 1.9

With the experience gained from the preliminary injection experi-
ments, an effort was made to apply cooling to the air flowing into an
actusl supersonic lnlet. Experiments were conducted in an 18- by 18-
inch Mach npumber 1.9 wind tunnel at a silmulated pressure altitude of
45,000 feet. Test-section total temperature was 150°+10° F. The dif-
fuser model uesed was an isentropic spike inlet designed for operation at
at Mach number of 3.0 (fig. 3, inlet III, of ref. 2).

Both liquid nitrogen and liquid ammonia were Investigated as cool-
ants. The nitrogen, stored in a vacuum-walled pressure vessel, was
pumped with gaseous nlitrogen to discharge pressures of 200 pounds per
square Inch gage in the same mesnner as during the preliminsry injector
studies. The smmonis, stored in a pressure cylinder at emblent tempera-
ture, was pumped by i1ts own vapor pressure of approximstely 80 pounds
per square lnch.

Total-pressure recovery of the inlet was obtained from a survey of
the total pressures at the diffuser exit. Inlet alr flow was varied
with a throttling valve at the diffuser exit, and total mass flow through
the Inlet was measured with a standsrd A.S.M.E. orifice. Coolant storage
contalners were mounted on weighing scales, from which coolent-flow rate
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was determined. The assumption thaet all the coolant entering the inlet
was vaporized permits diffuser-exit temperature to be used sas an inde-
pendent check on the measured coolant-to-inlet-air ratio.

Four of the following five configurations investigated are sketched
in figure 3:

(1) A 0.052-inch-diemeter orifice at the spike tip

(2) A 0.010-inch annular slot located 1.25 inches from the spike
tip and directed rearward at a 45° sngle

(3) A 0.010-inch annular slot located 1.25 inches from the spike
tip and directed rearward behind a step in the splike contour and
parailel to the splke surface

(4) A 0.090-inch-inside-diameter tube pointed upstream, discherging
coolsnt 7.5 inches ahead of the cowl lip. (The tube was located
on the spike centerline and was supported by a strut 10 inches
shead of the cowl lip and offset 0.5 inch from the inlet
centerline. )

(5) (Not sketched) A 1/16-inch-diasmeter O-ring rolled ‘into the
spike, 1.25 inches from the tip ]

Inlet Tests; Mach Number, 3.0

To more fully explore the effectiveness of cooling the asir stream
sane distence ahead of ms supersonlc inlet, additlonal experiments were
conducted in an 18- by 18-inch Mach number 3.0 wind tunnel at a simu-
lated pressure altitude of 82,000 feet. A ring injector having & double-

wedge airfoll section was positioned alternatively at l% and at 3 feet

upstream of the inlet. Coolant was discharged through forty 0.020-inch-
diameter orifices. The inlet employed was a 44° single-cone configu-
ration (inlet Ig of ref. 2). Details of the installation are given in
figure 4. Provision was made go raise the test-sectlon stagnation tem-
perature from 50°£10° F to 6800°50° F (ref. 3) in an attempt to im-
prove the coolant heet transfer and evaporation rate. Both ammonis and
water were Investigated as coolants.
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RESULTS AND DISCUSSION
Injection Tests

The flow pattern issuing from the orifice injector (fig. 2) is typ-
ical. of that observed during these tests. The flow rate 1s 0.3 pound
per minute at a pressure of 180 pounds per square inch. dJet penetration
at right angles to the supersonic air stream varied between 1/2 and 1
inch, depending upon the supply pressure; evaporgtion appeared to be
complete mpproximately 3 inches downstream of the injector. The indi-
cated temperature ln a direct line downstream of the injector was -47° F.
(Nitrogen injection temperasture wes -320° F and the test-section total
temperature was 95° F.) An indication of the small degree of penetra-
tion achieved occurs from the increase in temperature from -47° to
-27° F when the thermocouple was displeced 1/2 inch fram 1ts position
directly downstream of the injector.

The general observations made for the simple orifice inJjector also
applied for the commercisl nozzles. In general, a very lew temperature
liquid can be injected into a supersonic alr stream without freezing or
clogging the injector. Although the nitrogen appeared to evaporate in &
very short time interval and in only inches downstream of the point of
injection, very little penetration into the alr stream was observed.

Inlet Tests; Mach Number, 1.8

Following the initial exploratory tests on coolant injection, tests
on the axlally symmetrical inlet modified for coolant injection at the
spike tip were undertaken. Inlet performance without coolant injection
was first measured to provide a basis for comparison. The conflguration
tested without coolant flow is shown in figure 3, and the results ob-
tained are plotted in figure 5. Peak pressure recovery was 0.84. A
typicael schlieren photograph near the peask-~pressure-recovery condition
is ghown in figure 6(a).

The initial run with coolant flow was made with this same conflgu-
ration. Liquid nitrogen was injected through the 0.052-1nch-diameter
orifice at the tip of the splke into the sir entering the inlet. Inlet-
pressure recovery for two coolant-flow rates is plotted 1n figure 5. In
both cases, the pressure recovery as well as the peak mess-flow ratio
fall below the no-coolant-flow values. Schlieren photographs (fig.
6(b)) showed a strong and sbrupt disturbance at the spike tip, and it
was observed thet the magnitude of this disturbance increased with
coolant~-flow rate. Maximum pressure recoveries for the zero flow rate,
as well as for the two coolant-flow rates investigated, are plotted in
figure 7 as a function of the diffuser~exit temperature. The data
clearly Indicate that although the temperasture of the air entering the
diffuser was lowered, the greater the reduction in tempersture, the
greater the loss in total pressure.
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In an effort to reduce the flow disturbance caused by injection at
the spike tip, an anmular gap injector, configuration 2 (fig. 3(a)) was
employed. The results with this configuration are aleo given in figure
7, and although- sopme improvement over injection at the spike tip may be
noted, the pressure recovery remained considersbly below the no-coclant-
flow case. Schlieren pvhotogrephs for & low and for a high coolant-flow
rate are shown in figures 8(a) and (b), respectively. Agsin a strong
and abrupt disturbance in the alr flow wvas obsérved in the reglon of in-
Jectlon and the magnitude of the disturbance increased with coolant flow.

To determine 1f the reduction in pressure recovery with coolant flow
was due primarily to the flow disturbances and the resulting change in
inlet<-shock structure caused by the liquid injection, a l/lG—inch—
diemeter O-ring was rolled onto the splke and located at the annular gap
of configuration 2. In schlieren photographs, the strength of the shock
structure caused by the O-ring appeared similar to that caused with ni-
trogen injection through the annular orifice. However, as indicated in
figure 7, maximum pressure recoveéry was only slightly less with the O-
ring (0.9) than for no ccolant flow. It appears, therefore, that shock
losses alone do not accdount for the lower pressure recoveries cbserved
with coolant flow.

A stepped spike designed to inject coclant along the spike surface,
configuration 3 (fig. 3(b)) was next evaluated. This configuration was
designed to reduce both the shock losses caused by coolant injection and
the alr and coolant mixing losses which, it was believed, accounted for
the remsinder of the total-pressure loss. A schlieren photograph of the
flow about this spike with no coolant flow 1s shown in figure 9(a). Flow
disturbances caused by the step introduced oniy a small drop in pressure
recovery. A peak value of 0.9 was observed wlth no cooclant flow. As
anticipated, coolant flow tended to £ill the region behind the step, ap-
parently minimizing the surface discontinuity (fig. 9(b)). Again, pesk
pressure recovery decreased as coolant flow increased; although the cocl-
ant reduced diffuser-exit temperature as much as 200° F, pressure recov-
ery {(fig. 7) was considerably below the no-coolant-flow value.

These data indicate that at high coolant flows shock losses caused
by the coolant or modifications to the inlet to allow coolant injection
reduce total-pressure recovery much less than the reduction due to & mo-
mentum exchange between the air snd the coolant. This indication 1s more
readily epparent from the date of figure 10, which indicate the variation
in peak pressure recovery as a function of coolant-to-inlet-sir ratio.
The dashed curve on figure 10 represents the computed pressure recovery
without isothermal compression and accounts for the pressure loss due to
the momentum exchange in a constant-area duct between the inlet~eir
stream and the liquid coolant. The exchange was assumed to occur at the
local alr velocliy behind the oblique shock generated by the splke tip. A
constant pressure loss of 10 percent, based on the no-injJection inlet re-
covery of 0.9, has been assumed at all coolant-~to-inlet-air ratlos.

—
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Also included in figure 10 is the computed préssure recovery, including
the momentum pressure loss, for the coolant-inlet-alr ratio at which
isothermal compression at a local Mach number of 1.6 can theoretically
be achieved using nitrogen as a coolant. The data clearly fall along
the calculated curve and away fram the theoretical isothermal point,
showing that the total-pressure loss accompanylng coolant injection is
due principally to acceleration of the coolant to local air velocity.
Practically no effect of cooling on the pressure recovery wes observed.

Liguid nitrogen had been selected &s the cooclant in the preliminary
experiments because of 1ts safety and ease of handling. Calculations
hed indicated (fig. 10) that for the ideal isothermal process a nitrogen-
inlet-gir ratio of 0.195 would be required, and little, if any, gain in
total pressure would result. To reduce the coolant-inlet-air ratio
needed for a given amount of cooling, some runs were made with configu-
ration 3 using liquid emmonia, which has & latent heet of vaporization
of 589.3 Btu per pound as compared with 86 for nitrogen. With ammonia
ag coolant, the calculated coolant-inlet-air ratic for the ldeal iso-
thermal process is reduced to 0.048.

Measured and caslculated pressure recoveries as & function of
ammonia-inlet-alir ratio are given in figure 11. The celculations Indi-
cate that if isothermal compression could be accomplished with ammonis
injection, a total-pressure recovery greater than 1.0 should result in
splte of the usual inlet losses snd the moméntum exchange between the
inlet air and the injected coolant. The experimentel data, obtained
with the step inlet (configuration 3), again indicated agreement with
the calculated curve based on inlet losses and simple momentum exchange
only, and the corresponding reduction in total-pressure recovery below
the no-coolant-flow value resulted. Although the sir at the diffuser
exit was cooled to a value considerebly beldw the ambient-air tempera-
ture, the pressure recovery galns of isothermal compression were not
observed. . '

Becsuse the results obtained indicated that the eveporation and
cooling process lagged the momentum exchange and compression process, an
gttempt was made to reduce this lag. Coolant was sprayed into the super-
sonic alr stream shead of the step inlet (configuration 4, fig. 3{(c)).
The disturbances caused by the injector and its support, epparent fram
the schlleren photograph of figure 12(s), reduced the no-coolant-flow
pesk pressure recovery from a value of 0.9 to a value of 0.6. InJjecting
coolant caused a severe icing condition at the spike tip (fig. 12(b)),
and reduced pesk pressure recovery to 0.5. Since the amount of water in
the tunnel alr was epproximately one part in a thousand, 1t appears that
the ice was probably solid ammonia, which freezes at -107° F. The ice,
permitted to bulld up to & thickness of approximately l/B-inch, melted
when the coolant flow was stopped. '

-
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Because little 1f any gein in pressure recovery was oObitalned fram
evaporation of the coolant, it must agalin be concluded that the cooling
occurred primarily in the subsonlc portion of the diffuser. To improve
coolant distribution and thereby achileve more rapid evaporation, suc-
ceeding tests were run with a multipoint upstream injector. These tests
were run at a stream Mach number of 3.0.

Inlet Tests; Mach Number, 3.0

Detgils of the multipoint injector and the 44° Blngle-cone spike
inlet used in these tests are given in filgure 4. Preliminary attempts
at checking out the injection system with water resulted In the forma-
tion of-ice on the injector ring. With liquid ammonis as a coolant, no
ice formed.

Presence of the ring inJjector L% feet ahead of the.inlet appreci-

ably reduced the sitream total pressure available to the inlet, and low-
ered inlet total-pressure recovery. There appeared to be gsome evidence
thaet this totael-pressure loss could be reduced slightly by increasing
the distance between the injector and the inlet to 3 feet.

Results observed with liquid ammonis are summarized in figure 13.
The mass-flow ratic is based on the undisturbed stream maximum inlet
mass flow., The results of coolant injection into the air stream well
ahead of the inlet observed at a Mach number of 1.9 were confirmed at a
‘Mach number of 3.0, In splte of improved coolant distribution, diffuser
critical total-pressure recovery fell from a vslue of 0.54 with the air
stream unobstructed to 0.40 at a coolant-eir ratic of 0.024.

More encouraging results were obtained at a higher stresm total
temperature in an sttempt to incresse coclant evaporation and heat trans-
fer to the air streem. A core of hot alr with a dlameter greater than
that of the diffuser lip was produced within the tunnel test section by
the technique described in reference 3. Whereas the previous experiments
were made at a stream total temperature of approximately 50° F, the core
was maintained at approximately 600° F, & realistic stagnation tempera-
ture for flight at a Mach number of 3.0. The effect of ralsing the core
temperature was to reduce the test section (core) Mach number and intro-
duce some total-pressure losses. Consequently, the inlet total-pressure
recovery with the injector in place but no coclant flow was 5 percentage
points less when the core was heated. Only a small additional drop in
pressure recovery resulted upon the injection of ammonia (liquid-inlet-
air ratio, 0.021). It may therefore be concluded that at a temperature
near that expected in flight at a2 Mach number of 3, the more effective
cooling achieved campensated to a large degree for the momentum losses
introduced by coolant inJection. Even better pressure recovery was

5792
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observed when the injector spacing wes changed fram.l%-to 3 feet.- These

results suggest that the isothermsl compression process might be suc-
cessfully applied to & full-scale inlet configuration at the high stag-
nation temperature of supersonic flight. .

It was recognized thet spplication of the isothermal coollng pro-
cess must be accoampanled by a specific variation In flow area. However,
contraction of the streamlines sheasd of the inlet 1lip caused by the up-
stream coolant injection preclude a theoretical estimate of the possible
pressure galn based solely on the actual contractlion ratio of this spe-
cific Inlet configurstion.

SUMMARY OF RESULIS

Preliminary attempte at raising inlet pressure recovery by cooling
the supersonic air stream entering an inlet diffuser while this stream
is being decelerated and compressed by shock waves generated by the in-
let were only partiaslly successful. The increasse in total pressure the-
oretically predicted by cooling the alr stream during compression was
not achieved. TInsteed, large total-pressure losses were lntroduced by
liquid-cooclant injection. These pressure losses were caused by the mo-
mentum exchange between the air stream and the coolant due to the re- .
quired acceleration of the coolant to locael stream velocity.

The experiments demonstrated, however, that evaporatlve cooling be-
comes more effective as the air-streasm stagnation temperature and the
distance of the cooling injection point ahead of the Inlet are lncreased.
These results suggest that the effectlveness of liquid injection ahead
of an inlet should be reevaluated om large-scale Inlets in alr streams
with high stagnstion temperatures.

Lewls Flight Propulsion Leborgtory
Nationael Advisory Cammlttee for Aeronautics
Cleveland, Ohio, October 4, 1955
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APPENDIX A
DERIVATION OF ISOTHERMAL FLOW RELATIONS

Consider the one-dimensional flow, either subsonic or supersonic,
of an ildeal gas in & nonconstant-area duct (see following sketch).

\
-

1 2

1

If the flow between stations 1 and 2 is defined as isothermsl (constant
static temperature, tz = tl), then the equmtion of state can be written
as ’

P1V] = PpVp = constant _ (A1)
The conservation of mass between the two stations states that
P1A1Vy = p2ApV2 (A2)
and the conservation of energy that

cpTl = cPT2 - Q (A3)

In more general form, the energy equstion is also given by

2 7

. . 2
% + cpty + W = %5 + cptz -~ Q (a4d)

Also, for the.genersl lsothermal process, any work W put into the sys-
tem 1s glven by :

2
w—vz-v:zL+'Rtlo 22 (a5)
B Zg 1 Se Pl

(See ref. 4.)
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Equation (A2) can be reduced to give

P AM (46)
P AgMp

Combination of the defining relstions between total and static temper-
etures st stations 1 and 2 in terms of Mach number and 7t produces the
following expreseion for total-temperature ratio:

T, l+I——£1u§ )
T~ -1

Further, combination of the defining relation between the static and
total pressures in terms of M and Yy with equations (A6) and (A7)
glves the total-pressure ratio

T
P, A T\ T-1
= -2 (7) (19)

Since for the case belng consldered, no work is done on the fluid,
W =0, and %y = tp, equation (A4) reduces to

2 2
Ty - V3
Q= 28 (Ag)
or
Mz 2
e _r-~1 _2 :
Cx it (Ml) -1 (410)
Also, equation (A5) becomes
VJZ' _ vg = Rtq1lo P—Z‘
2g 1-%%e p (A11)
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To obtain the relation between flow areas at stations 1 and 2, equation
(A8) is substituted into equation (All), giving

y 2 (%
‘Ej?_fng w2 (A12)
M ,

Ay

These expressions describe flow campression by means of isothermal
compression of the stream. Solutions to equations-(A6) and (A8) are
plotted in figure 14(a), and equations (A7), (A10), snd (Al2) in figure
14(b). Although it was sssumed that the flow is decelerated isotherm-
ally from its Initlal velocity to a final Mach number of unity, these
charts can be utilized for eny other finel Mach numbers by the same meth-
ods employed with the conventional isentropic flow charts.

A comparison between the usual campression process for the diffu-
slon of a supersonic air stream and the isothermal process shows that
total and static pressures after campression are much greater with the
isothermal process. In fact, for the isothermsl process total pressure
is greater after diffusion than before. For example, in diffusing iso-
thermally without a shock from M; = 2.0 to My = 1.0, final total pres-

sure P, = 1.98P;. In the isentropic case, P, = Py. For the isothermal
case, the final static pressure py = 8.16pl, whereas for the 1sentropic
caseé p, = 4.13py. Of course, to achieve the pressure recovery gains

that 1sothermal theory suggests are possible, the heat extraction fram
the air stream mist be sccompanied by appropriate changes in stream-tube
crosgs-sectional erea. Consequently, the diffuser design would necesser-
ily be different from that for the isentropic case.

3792
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APPENDIX B

PRESSURE LOSS FROM FLUID INJECTION INTO AN ATR STREAM

The process of injecting a liquid coolent into the air siream ahead
of a supersonic inlet is visualized as occurring in a constant-area duct.
The exchange of momentum between the inlet air and the coolant is taken
to occur prior to the heat transfer from coclant to air. Thls momentum
exchange 1s asccompanied by a loss 1n stream total pressure that may be
estimasted by dssuming the following one-dimensional system:

] o!)oloolo

Liquid is injJected as a spray at station 1 into an air stream flowing
through a constant-area duct. It 1s assumed that the liquid is dis-
persed between stetions 1 and 2, and is uniformly distributed when sta-
tion 2 1s reached. If it is further assumed that the liquid volume at
both stations 1 and 2 is small campdred with the gas volume, then

p18:V; (1 + 2/a) = ppAsVa(l + 1/a) (B1)

-Since A; = A; and T; 1s assumed equal to T;, this equation becames

P1V: P2V (B2)
fal t2
or
P t
2 _ Ml 2 (B3)

P; Moty

In terms of total pressure, equation (B3) becomes

i_x
2 v-1
Yy - 1
P, M [Tt Tz ¥
T (B4)
1 1+ T 5 1 Mi
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To eliminate .M, from equation (B4) and determine the effect of liquid-
air ratio 1/a on the relation between pressure loss and initial Mach
number, the momentum relation between stations 1 and 2 is utilized.
Thus,

Py mVy +myVy = Ry b (m o my)V, (85)
cr
P\ AP
1--2 11+vl+lvz=(1+'_z)v2 (B6)
p.j m a a

a

Substituting pyA;V; for my, changes equation (B6), in terms of Mach

number, to
P t
Py jTM; a a 1

vwhere M; is expressed in terms of the local speed of sound of the air.
Substituting equation (B3) into equation (B7) produces

P2\ 1 t2 g t2
1 om =2 M, - M — = 2fM —_ - M (B8)
Py T L T T2 Yty a(z th z)

Solving yields

P t
1 2
- ——— M M —
1 2\t
1. ™ = (B9)
a
M, 2 M
ty i

The simultaneous solution of equations (B4) and (B9) yields the relation
between M;, l/a, and P,/P; for a constent value of M;. Results for

M, = -0.4, 0, and O.4 are plotted in figure 15.

3792
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APPERDIX C

SYMBOLS
The following symbols are used in this report:
A area, sq ft
specific heat at constant pressure, ft-1b/10/°F

acceleratlon due to gravity, f‘b/sec2

020

t/a 1liquld-to-inlet-air ratio, welght basis
M Mach number

mass. flow, slugs/sec

B

total pressure, 1b/sq ft
static pressure, lb/sq i
heat energy, f£t-1b/1b

gas constant, ft-lb/lb/oF

H b o ®©T

total temperature, °R

ct

static temperﬁture, °r

V  velocity, ft/sec

v specific volume, cu £t/1b

W  work done on fluid, ft-1b/1b
T ratio of specific heats

o] density, slugs/cu £t '
Subscripts:

0 free stream

1 station 1

2 stetion 2
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NACA RM ES5I2%

TABLE I. “PRUPERTIES OF COOLANTS

Coolant

Boiling Latent Specific| Lower Stolchiometric
(all in | point at heat of | gravity |heatingjfuel-alr ratio
liquid |atmospheric |vaporization, value,
state) | pressure, Btu/1b Btu/1b
Niltrogen| -320.4 86 0.808 | ~=memm ———
Ammonis -28 589.3 712 | mmmmee | memeem
Water 212 970.3 1.000 j=memme | mmme—
Methane -258.5 248 .415 |21,529 |- 0.058
Gasoline 280 av. 116 .713 118,500 . 067
Diborane -134.5 124.5 447 33,513 .087
HEydrogen| -422.9 124 .070 {51,608 .029

17
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Throttle valve

Pressure gage

Nitrogen cylinder—

To injector

{ CD-4568

___/

Platform scale

Flgure 1. - Schemstic diggram of nitrogen-injection system.
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- -.-.a"—-
iWs1l-mounted commercial
spray nozzle

Figure 2. - Liquld-nitrogen injection from simple orifice injector in 4~ by 10-inch
tumnel. Free-stream Mach mumber, 2.0.



(a%-g?gfgcorh :ﬂmi Bﬁton & {v) In,jec‘l';a:r cénfigura:tion 3;
0.010-inch ammmlar slot

0.052" diam hole

7.5ﬂ 4

(c) Injector configuration 4; R S

(d) Inlet configuration and injector
configuration 1

0.090-inech inside-dlameter tubing

Figure 3. - Ipeptrople-spike and coolant-injector configurations.
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0.020~-In.~diam holes equally
Bpaced; 20 on immer face,
20 on outer face

1ll' l—

0.75" 2.5" ><
-]

l' 1
-T l-é or 3 ¢

-

Figure 4. - Installation details of inlet and multipoint injector used at Mach mmber
of 3.0.
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1.

Diffuser pressure recovery, PZ/PO

NACA RM ES55I29s

Coclant-flow Total
ratio, temperature, Tp,
1/a oF
o O 150
O .04 120
o .102 72
0

\

ﬁ
BEEIRN

.2 .3 4 .5
Mass-flow ratio, m/mo

Figure 5. - Diffuser pressure-recovery characteristics.
Injector configuration 1; free-stream total tempera-
ture, 150° F; free-stream Mach number, 1.9.
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NACA RM E55I29a .

_. L .

No coolent injection.

(a) Maximm air flow.

(b) Nitrogen injected through spike tip.

Figure 8. = Schlieren photographs of configuration 1. Free-stream Mach nmumber, 1.9.
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Diffuser total-pressure recovery, Pa/'ZP0

.
o
&
o _
r Configuration
/ o o} 1 (Tip injection)
< 0 2 (Injection from
rd ”’,a‘ 45° annulus)
A 3 (Btepped spike)
7 o) 5 (0-ring on spike)
A ‘

Flagged pointa indicete
no coolasnt flow

=100

Figure 7. - Effect of nitrogen flow rate on maximm pressure recovery of configurations investigated.
Free-gtream total temperature, 150° ¥; free-stream Mach number, 1.9,

0 100
Diffuser exlt temperature, oF

200
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NACA RM ES55I29%a

(b) Nitrogen Injected st high flow rate.

Figure 8. - Bchlieren photographs of configuration 2. Free-stream Mach mmber, 1.S.

.
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NACA RM E55I2%a

(b) Nitrogen injection behind step.

Figure 9. - Bchlleren photographs of configuration 3. Free-stream Mach pumber, 1.9.
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recovery, PZ/PO

Max lzum-Gif¥meer total-pressure

Cofel

Injector
configuration
O 2
A 3
1.2
-Calculated momentum pressure
1.0 drop plus 10 percent inlet
' . shock loss; liquid injection
Mach number, 0.4; local Mach Calculated for isothermal
A_ number, 1.6 ﬂcomression; includes
~Y O] isothermsl momentum loss
a as local Mach number
~.0 chenges from 1.6 to 1.0
.8 A \__\.‘5
— —d —
T ""A—-
A
) §) .2 3

Liguid-air ratio

Figure 10. ~ Summary of inlet injection data with nitrogen.

Free-stream Mach number, 1.9.
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/—Calcula.tecl for isotherumal

]
]

[ compression; includes
lsothermel momerntum loss
as local Mach number changes

™~

from 1.6 to 1,0

A
-
1A
[
S
o
4
&
&
[}
&
: | |
]
1]
[}
H1.0 Ca ' ‘

| alculated momentum pressure
g drop plus 10 percent inlet
£ A shock lose; liquld injection
+ ™ Mech number, 0.4; local Mach
H AA E\.__._ number, 1.6
Q -~
a .B T ey Ny —
q'l:: ™= " b J
Ll aaX N
5
g
E

R

0 1 .2

Liquid-alr ratio

Figure 11. - Summary of inlet injection dats with ammonia for
injector cohfiguration 3. Free-gtream Mech mumber, 1.9.
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NACA RM E55I2%

(b) Bolid smmonis formation on spike tip.

Figure 12. ~ Schlieren photographs of configuration 4.

Free-stream Mach mmbexr, 1.9.

29



30 ey

NACA RM E55I2%a

.6

/{ Tunnel total
temperature,
OF

tn

50

0

50
50
600
€600

BN
ap oo

\

Injector removed

Liguld inplet-asir ratio
¢}
.024
o]
021

Diffuser total-pressure recovery, P,/P,

.3
1
(a) Injector 1§-feet upstream of inlet.
5 l
A
45 .8 1.0

Yess-flow ratio, m/m,

(b) Injector 3 feet upsiream of inlet.

Figure 13. - Ammonia injection at free-stresm Mech number, 3.0; multi-

point inJector.
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Initlal Mach number, M;
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Figure 14+ - Concluded.



NACA RM ES5I29a A 33

1.0 g

Liquid
Mach nunber,
.9 S Ee My

L
|t
I
I
|
(o]

.8 APy 1.6

.7 2
e o
R, N
EE' 1 H :
TV
o o EHERY Z-
T R
A gt B
~ £ L3
3 e ‘
i SR
o L
H .5 LR
g TR
@ i
3 EE AN S s
o SRR T
B 4 TR
) e Sz : T
3 R :
2 s 5% H H
SO 5 L s
+ X - 1
T Ty
.3
ey 5.0
.2 SR
H 4.0
.1 : T 1 lI .r
=1 * 3 - -~

o] .1 .2 .3 .4 © .5 .6 .7
Liquid-air ratio

Figure 15. - Total-pressure loss due to fluid injection in a super-
sonic air stream. T2 = Tl.
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